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The establishment of anteroposterior (AP) polarity in the early mouse epiblast is crucial for the initiation of gastrulation and the subsequent
formation of the embryonic (head to tail) axis. The localization of anterior and posterior determining genes to the appropriate region of the embryo is a
dynamic process that underlies this early polarity. Several studies indicate that morphological and molecular markers which define the early AP axis
are first aligned along the short axis of the elliptical egg cylinder. Subsequently, just prior to the time of primitive streak formation, a conformational
change in the embryo realigns these markers with the long axis. We demonstrate that embryos lacking the signaling factorWnt3 exhibit defects in this
axial realignment. In addition, chimeric analyses and conditional removal ofWnt3 activity reveal thatWnt3 expression in the epiblast is required for
induction of the primitive streak and mesoderm whereas activity in the posterior visceral endoderm is dispensable.
© 2007 Elsevier Inc. All rights reserved.Keywords: Wnt3; Wnt signaling; Gastrulation; Mouse; Embryonic axis formation; Posterior visceral endodermIntroduction
Prior to gastrulation, the early post-implantation mouse
embryo is histologically simple being comprised of three tissues.
First, the epiblast which is an epithelial cup that gives rise to all
tissues of the embryo proper. The extraembryonic ectoderm lies
immediately proximal to the epiblast and gives rise to the
placenta. Finally, the visceral endoderm (VE) is an epithelium
that envelops the epiblast and extraembryonic ectoderm (ExE)
and later gives rise to the yolk sac endoderm.
The first morphological indication of anteroposterior (AP)
asymmetry is observed between E5.5 and E5.75. At this time, a
thickening within the distal visceral endoderm (DVE) shifts⁎ Corresponding author. Present address: Department of Physiology and
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doi:10.1016/j.ydbio.2007.09.030from the distal tip of the cylindrical embryo adopting an asym-
metric position on one face of the egg cylinder (Kimura et al.,
2000; Rivera-Perez et al., 2003; Srinivas et al., 2004). This
visceral endodermal thickening (VET) becomes known as the
anterior visceral endoderm (AVE) and demarcates the future
anterior side of the embryo. The primitive streak, the site of
active gastrulation, forms on the opposite, posterior side, being
morphologically distinct by E6.5.
Anteroposterior polarity at the molecular level presages
morphological asymmetry. The secreted protein, Nodal, appears
to be the principal factor in establishing this polarity (Ben-Haim
et al., 2006; Brennan et al., 2001; Takaoka et al., 2006;
Yamamoto et al., 2004). Although Nodal is expressed
symmetrically throughout the ICM/epiblast of the pre-implanta-
tion/early post-implantation embryo (∼E3.5 to E5.5), it induces
the asymmetric expression of Cerl and Lefty1 in the in the
anterior distal visceral endoderm (Yamamoto et al., 2004;
Takaoka et al., 2006). These Nodal antagonists as well as the
anteriorly expressed, secreted Wnt antagonist, Dkk1, act as
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DVE cells toward the AVE. In contrast, Nodal and Wnt signals
from the posterior epiblast and PVE are sufficient to act as
apparent repressive migratory cues to the DVE cells (Kimura-
Yoshida et al., 2005; Takaoka et al., 2006; Yamamoto et al.,
2004). The secreted signaling antagonists produced by the AVE
play an additional role in establishing AP polarity by restricting
the expression of posteriorly expressed genes (i.e., Wnt3) to the
prospective posterior epiblast (Brennan et al., 2001; Ding et al.,
1998; Perea-Gomez et al., 2002).
In addition to inducing the expression of anterior genes in
the visceral endoderm, Nodal maintains Bmp4 expression in
the overlying extraembryonic ectoderm (ExE). Bmp4 in turn
induces expression of the posterior factor, Wnt3 in the epiblast
(Ben-Haim et al., 2006; see also Brennan et al., 2001). Wnt3
is required for the induction or maintenance of most (if not
all) gene expression in the posterior epiblast (Ben-Haim et al.,
2006; Liu et al., 1999). Prior to its expression in the epiblast,
Wnt3 appears to be induced asymmetrically in the posterior
visceral endoderm (PVE) at E5.5, at a stage when the
morphological indicator, the VET, is still symmetrically
localized at the distal tip of the egg cylinder (Rivera-Perez
and Magnuson, 2005). Shortly thereafter, Wnt3 expression
commences within the posterior epiblast (Rivera-Perez and
Magnuson, 2005). Interestingly, Belaoussoff et al. (1998) have
shown that PVE cells have the ability to induce mesoderm.
Together these data suggest that early expression of Wnt3 in
the PVE may be essential to induce its own expression in the
posterior epiblast and signal mesoderm induction. Consistent
with this hypothesis, Wnt3 null mutants fail to establish or
maintain posterior gene expression and do not form a primitive
streak or generate mesoderm (Liu et al., 1999). However, the
regulatory hierarchy between the distinct domains of Wnt3
expression has not been addressed.
AP axis asymmetry is also reflected in the shape of the egg
cylinder itself. When the primitive streak forms around E6.5,
the egg cylinder is elliptical with the AP axis being aligned with
the long axis of the cylinder. Surprisingly, the examination of
both molecular and morphological markers between E5.5 and
E6.0 indicate that the AP axis is initially aligned with the short
axis at these early stages. Thus, prior to the onset of
gastrulation, there is a conformational change in the egg
cylinder such that the long axis shifts to align with the AP axis
(Mesnard et al., 2004; Perea-Gomez et al., 2004). Wnt3 is
initially expressed in the PVE at E5.5 when the AP axis is
aligned with the short axis. Whereas just prior to gastrulation at
E6.25) its expression aligns with the long axis (Rivera-Perez
and Magnuson, 2005). Therefore, Wnt3 expression precedes
this conformational change and may possibly play a regulatory
role in this process.
Using a variety of genetic approaches, we show that Wnt3 is
not required in the visceral endoderm for normal gastrulation
whereas Wnt3 activity in the epiblast is essential for this
process. Further, epiblast-specific removal of Wnt3 blocks
realignment of the AP axis with the long axis of the egg cylinder
demonstrating that Wnt3 regulates conformational changes
within the pregastrulating stage mouse embryo.Materials and methods
Genotyping of mice and embryos
Biopsies from mice and portions of embryos (i.e., egg cylinders, yolk sacs)
were used for genotyping. These tissues were placed in various volumes of PCR
lysis buffer plus proteinase K (concentration 0.6 μg/μl) as described by Barrow
et al. (2003). To genotype WT↔Wnt3n/n chimeric embryos, the yolk sacs were
incubated in trypsin/pancreatin/polyvinyl pyrrolidone (5g:1g:1g dissolved in
200 ml PBS) on ice for ∼1 h. The yolk sacs were then rinsed gently in PBS and
transferred to 10% fetal calf serum in PBS. The yolk sac endoderm was then
dissected away from the yolk sac mesoderm and digested in PCR lysis buffer
with proteinase K prior to genotyping for Wnt3 alleles.
Derivation of ES cells and chimeras
Blastocysts from Wnt3n/+;Rosa26+/+ X Wnt3n/+ intercrosses were collected
and placed onto mouse embryonic fibroblasts (MEFs) to derive Wnt3n/n;
Rosa26+ embryonic stem cells as described by Robertson (1987). We generated
multiple Wnt3n/n;Rosa26+ cell lines. One line in particular, 9-6#3, yielded
strongly chimeric embryos and was used exclusively for this study. The
Wnt3↔WT chimeras were generated by aggregating 9-6#3 cells to morulae
from C57BL/6 intercrosses. WT↔Wnt3 chimeras were generated by aggregat-
ing wild-type;Rosa26+ cells (KT4; Tremblay et al., 2000) to morulae from
Wnt3n/+ intercrosses.
In situ analysis and β-gal reporter analyses
Whole mount digoxigenin in situ hybridization was carried out as described
by Wilkinson and Nieto (1993). Proteinase K treatment during the in situ
protocol was varied according to the age of the embryo (1 min in 10 μg/ml
proteinase K at 25 °C for E6.5 and 2 min for E7.5). For Xgal treatment, chimeric
embryos were fixed, rinsed in PBS and incubated in Xgal as previously
described Whiting et al. (1991).Results
Examining the role of Wnt3 in the epiblast via chimera analysis
Previous work has demonstrated that Wnt3 is expressed in
both the posterior epiblast and the adjacent overlying posterior
visceral endoderm (PVE) (Liu et al., 1999; Rivera-Perez and
Magnuson, 2005). Interestingly, Rivera-Perez and Magnuson
(2005) report that Wnt3 expression in the PVE precedes
expression in the posterior epiblast suggesting a hierarchal
relationship between these two sites. Consistent with this view,
the PVE is sufficient to induce mesoderm (Belaoussoff et al.,
1998), suggesting a PVE to epiblast signaling axis. These
results, together with the fact that Wnt3 null mutants lack
mesoderm altogether (Liu et al., 1999), led us to hypothesize that
the PVE component of Wnt3 expression might be required for
mesoderm induction.
To distinguish the embryonic (epiblast) versus extraembryo-
nic (visceral endoderm) roles of Wnt3, we created embryos that
lackWnt3 specifically in the epiblast. First, we generated mouse
embryonic stem (ES) cells lacking a functional Wnt3 allele that
were also genetically marked by ROSA26 driven, ubiquitous
β-galactosidase expression. These Wnt3n/n ES cells were
aggregated with wild-type morulae to generate chimeric
embryos where the extraembryonic tissues (visceral endoderm
and extraembryonic ectoderm) were derived uniquely from
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type andWnt3n/n cells. The aggregation chimeras were dissected
at E9.5 and stained in X-gal to determine the extent of ES cell
contribution. In all cases, the Wnt3n/n↔WT chimeras (11/11)
possessed an embryonic axis as evidenced by the formation of
anterior head folds (arrowheads or hf, Fig. 1) and posterior
structures such as the allantois (al, Fig. 1). However, despite the
rescue of general AP pattern in these chimeric animals, the
mesoderm was not properly segregated into discrete populations
(i.e., notochord, somites, etc.). We observed a considerable
variation in the extent of rescue in the Wnt3n/n↔WT chimeras
(compare Figs. 1A, B with Figs. 1C, D) possibly reflecting the
proportion of mutant cells in the epiblast. However, these
differences were not obvious in histological sections.
Determining the embryonic role of Wnt3 by epiblast-specific,
Cre-mediated recombination of the Wnt3c allele
In all cases,Wnt3n/n↔WTchimeras exhibited a rudimentary
embryonic axis indicating a partial rescue of the null phenotype.
The partial rescue may reflect a role for Wnt3 in the visceral
endoderm or alternatively a partial rescue within the chimeric
epiblast through Wnt3 signaling by wild-type epiblast cells. To
distinguish between these possibilities, we undertook an
alternative strategy removing Wnt3 activity specifically from
the epiblast using a Wnt3 conditional allele, Wnt3c (Barrow et
al., 2003), and two transgenic mouse lines, MORE and
Sox2Cre, that drive Cre activity exclusively in the epiblast at
pregastrulation stages (Hayashi et al., 2002; Tallquist andFig. 1. E9.5 Wnt3n/n↔wild-type aggregation exhibit a partially rescued embryonic a
X-gal to reveal β-galactosidase expressing Wnt3n/n cells. The chimeras exhibit form
embryo (arrowheads) and posterior structures (arrows, i.e., allantois) at the opposite
transverse for panel D) through the specimens displayed in panels A and C, respectiv
LacZ+. al, denotes allantois; hf, headfolds; and m, mesoderm.Soriano, 2000). Previous work has demonstrated that Sox2Cre
activity can lead to complete recombination within the epiblast
while MORE activity is mosaic (Hayashi et al., 2002).
Wnt3n/c; MORE mutant embryos gastrulated normally and
survived to birth. The only apparent external defect was a minor
limb deformity manifested by one or two missing digits, most
likely a reflection of later Wnt3 activity in the AER (Barrow et
al., 2003). In contrast, Wnt3n/c;Sox2Cre embryos resembled
Wnt3n/n mutants. Like Wnt3n/n mutants, Wnt3n/c;Sox2Cre
embryos lacked the amnion and chorion at E7.5 (Figs. 2A–D).
By E9.5, both mutant classes resembled large egg cylinders with
inward pockets of embryonic ectoderm (arrows, Figs. 2F, G; see
Liu et al., 1999). The different experimental outcomes are
consistent with the expected partial (MORE) versus complete
(Sox2Cre) loss of Wnt3 in the epiblast.
To determine whether Wnt3n/c;Sox2Cre mutants phenocopy
Wnt3n/n mutants at the molecular level, we examined the
expression of a number of molecular markers for general AP
pattern in primitive streak stage embryos. At E6.5, Brachyury
(T) which is expressed strongly within the nascent primitive
streak (black arrowhead, Fig. 3A) and faintly in the extraem-
bryonic ectoderm (red arrowhead, Fig. 3A; see also Rivera-Perez
and Magnuson, 2005; Perea-Gomez et al., 2004). In contrast,
Wnt3n/n and Wnt3n/c;Sox2Cre mutants lacked T expression in
the primitive streak region. Interestingly, faint T expression was
observed at the junction between the epiblast and extraem-
bryonic ectoderm in both mutant classes (red arrowheads, Figs.
3B, C), an expression domain that likely comprises the
extraembryonic ectodermal T expression. By E7.5, T expressionxis. (A, C) Whole mount Wnt3n/n↔wild-type aggregation chimeras stained with
ation of an embryonic axis with head folds forming at the anterior end of the
end of the embryo. (B, D) Six-micrometer sections (parasagittal for panel B and
ely. Note that vast majority, if not all, the cells of the embryo proper areWnt3n/n;
Fig. 2. Morphological comparison of Wnt3n/n and Wnt3n/c;Sox2Cre mutants. (A–D) (A) Control embryo at E7.5 that shows the proper formation of the amnion (am)
and chorion (ch), products of gastrulation. (B) Wnt3n/n and (C, D) Wnt3n/c;Sox2Cre mutants at E7.5 are identical and resemble large egg cylinders with no amnion or
chorion. (E) Control embryo at E9.5 with normal embryonic axis. (F)Wnt3n/n and (G)Wnt3n/c;Sox2Cremutants at E9.5 are indistinguishable and again resemble large
egg cylinders with abnormal inward folds in the epiblast (arrows). Scale bars are 200 μm for all panels.
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with a previous report for Wnt3 mutants (Liu et al., 1999). A
second T-box gene, Eomesodermin (Eomes), like Brachyury, is
expressed in both the extraembryonic ectoderm and in the
primitive streak at E6.5 (red and black arrowheads, respectively,
Fig. 3D) (Russ et al., 2000). Similar to the Brachyury results, the
primitive streak expression domain of Eomeswas absent in both
mutant classes whereas expression was maintained in the
extraembryonic ectoderm (red arrowheads, Figs. 3E, F). Lim1
is expressed in the primitive streak (3G, black arrowhead) and in
the AVE (Fig. 3G, green arrowhead) of wild-type E6.5 embryos
(Shawlot and Behringer, 1995). The primitive streak expression
domain was absent in both Wnt3n/n and Wnt3n/c;Sox2Cre
mutants (Figs. 3D–I). In contrast, expression was observed in
the AVE of the mutant classes (green arrowheads, Figs. 3H, I),
although this expression domain was misaligned by 90° relative
to controls, being aligned with the short axis of the embryonic
egg cylinder (see below).
Previous work suggests that E8.5 Wnt3 mutants resemble
wild-type embryos at E5.5 in that the entire epiblast expresses
markers such as Otx2 and Pou5f (Liu et al., 1999). We repeated
these experiments on both classes of Wnt3 mutants and
compared them to control littermates at E7.5. Indeed, Otx2
and Pou5f were ubiquitously expressed throughout the epiblast
in Wnt3n/n and Wnt3n/c;Sox2Cre mutants (data not shown)
whereas in control littermates Otx2 expression was localized to
the anterior embryo (data not shown) and Pou5f was
undetectable at this stage (not shown).
These molecular analyses demonstrate that embryos lacking
Wnt3 activity in the epiblast are both morphologically and
molecularly indistinguishable from Wnt3n/n mutants. A possi-bility is thatWnt3 expression in the posterior visceral endoderm
is not sufficient to compensate for the loss of Wnt3 in the
epiblast. Because Wnt3 expression in the PVE precedes its
expression in the epiblast (Rivera-Perez and Magnuson, 2005),
it suggests that PVE Wnt3 is indeed insufficient to induce the
expression of posterior mesodermal genes (see below). By E6.5,
we were unable to detect Wnt3 expression in the epiblast or in
the visceral endoderm of Wnt3n/c;Sox2Cre embryos (Fig. 3K).
Thus, by the time gastrulation commences Wnt3n/c;Sox2Cre
mutants like Wnt3n/n null mutants appear to lack Wnt3 activity
throughout the embryo (Figs. 3K, L), providing a mechanism
whereby epiblast mutants phenocopy the nulls. This result also
suggests that maintenance of extraembryonic Wnt3 expression
may in some way be dependent of epiblast production of Wnt3.
As described above, while the visceral endodermal marker,
Lim1 was localized properly to the AVE in Wnt3 mutants, its
expression was aligned with the short axis of the egg cylinder.
Thus, the AP axis ofWnt3 mutants appears not to shift from the
short to the long axis. To further examine this issue, we
investigated the expression of additional anterior and posterior
markers. Cerl is expressed in the AVE (green arrows, Figs. 3M,
N), and the definitive endoderm (blue arrowheads, Figs. 3M, N)
(Shawlot et al., 1998). As both mutant classes lack all primitive
streak derived derivatives, the definitive endodermal expression
subdomain is absent (Figs. 3O–R). However, the visceral
endodermal expression domain is present in each of the mutant
classes, but as with Lim1, the domains aligned along the short
axis of the egg cylinder (see Figs. 3O–R, Fig. 5 and the
associated legends).
As demonstrated above and elsewhere (see also Liu et al.,
1999), Wnt3 mutants do not express posterior markers. Cripto,
Fig. 3. Molecular comparison ofWnt3n/n andWnt3n/c;Sox2Cre mutants. (A–C) Brachyury (T) is expressed in the nascent primitive streak of control E6.5 embryos (A,
black arrowhead). Faint expression at the extraembryonic/embryonic ectodermal boundary can be observed in the mutant classes (red arrowhead; B, C). (D–F) Eomes
similar to T is expressed in the extraembryonic ectoderm (red arrow) of E6.25 controls and mutants but is only present in the primitive streak of controls (D, black
arrowhead). (G–I) Lim1 is expressed in the AVE (green arrowhead) and primitive streak and associated mesoderm (black arrowhead) of E6.75 control embryos (J). In
similarly aged mutant classes (H, I), Lim1 is only expressed in the AVE (green arrowheads). Note that in the mutant classes the visceral endodermal expression domain
in the mutants is offset 90° to the short axis (compare G–I). (J–L)Wnt3 is expressed in the posterior epiblast (black arrow) and the adjacent posterior visceral endoderm
in E6.5 wild-type controls (yellow arrow, J) but is completely absent in either tissue of both mutant classes. (M–R) Cerl expression in E6.75 control (M, N) and mutant
(O–R) embryos. In control embryos (M, N), Cerl is found in both the AVE (green arrowhead) and definitive endoderm (blue arrowhead) whereas the mutant classes
lack definitive endoderm and exhibit expression only in the AVE (O–R). Panels M, O, Q represent embryos placed such that the anterior side of the embryo faces to the
left. The adjacent panels (N, P, R) represent embryos that have been rotated 90° counterclockwise. Note in the control embryo (M) that when the AVE points to the left,
the long axis is aligned with the plane of the page. In contrast, when the AVE points to the left in theWnt3mutants (O, Q), it is the short axis that lies along the plane of
the page. (S–X) Cripto expression in E6.5 control (S, T) and mutant embryos (U–X). Cripto expression is localized to the primitive streak (black arrow) of control (S,
U) and the posterior side (magenta arrows) Wnt3 mutant embryos (U–X). In panels S, U, W, embryos oriented such that the posterior side of the embryos faces the
viewer. Insets in panels T andWare additional embryos oriented in like manner. Panels T, V, X depict the embryos shown in panels S, U, W, respectively but have been
rotated counterclockwise 90°. Note that when the posterior side of the control embryo faces the viewer the short axis of the embryo is aligned with the plane of the page
(S). In contrast, when the posterior side of the two classes of Wnt3 mutant face the viewer, it is the long axis that is aligned with the plane of the page (U, W). Scale
bars=200 μm. Scale bar in panel F is for panels A–F; scale bar in panel I is for panels G–I; Scale bar in panel L is for panels J–X.
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Wnt3 and therefore its expression should not be dependent on
Wnt3 activity. Prior to E6.0, Cripto was indeed expressedthroughout the epiblast of both mutants and controls (data not
shown). Later, expression shifted to the prospective posterior
epiblast of Wnt3n/n and Wnt3n/c;Sox2Cre mutant (magenta
Fig. 4. Wild-type↔Wnt3n/n chimeric embryos gastrulate normally. Panels A and C are KT4 (wild-type; β-gal+)↔wild-type chimeras and panels B and D are
KT4↔Wnt3n/n chimeras. The embryos have been stained in X-gal to reveal the wild-type KT4; β-gal+ cells. (A, B) whole mount views; (C, D) 6 μm sections of
embryos shown in panels A and B, respectively.
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heads, Figs. 3S, T). As with the AVE markers, Cripto
expression aligned with the short axis of the egg cylinder in
both mutant classes (see Figs. 3U–X and insets; see Fig. 3
legend; see Fig. 5) whereas expression aligned with the long
axis in controls (Figs. 3S, T). Thus, based on the expression of
anterior and posterior markers, the AP axis is oriented along the
short axis of the egg cylinder in Wnt3n/n and Wnt3n/c;Sox2Cre
mutants.
WT↔Wnt3n/n chimeric embryos gastrulate normally
As visceral endodermal Wnt3 expression at E6.5 appears to
be dependent on Wnt3 signaling in the epiblast, we were
unable to distinguish the extraembryonic functions of Wnt3
via Wnt3n/c;Sox2Cre mutant analysis. We therefore generated
embryos that lacked Wnt3 exclusively in the visceral endoderm
by aggregating wild-type ES cells to Wnt3n/n mutant embryos
(see Materials and methods). From a total of 32 chimeric
embryos, we recovered 9 WT↔Wnt3n/n chimeras (i.e., thosewhere the host embryos were Wnt3n/n mutants). Two of these
were low percentage chimeras that resembled null mutants (data
not shown). The remaining 7 embryos were highly colonized by
the wild-type ES cells and gastrulated normally as evidenced by
a normal embryonic axis with properly patterned tissues from all
three germ layers (Fig. 4). Thus, Wnt3 signaling from the
visceral endoderm is not essential for either early AP patterning
or gastrulation.
Discussion
The role of Wnt3 and in the orientation of the anteroposterior
axis
The establishment of AP polarity in the early epiblast is
critical for proper initiation of gastrulation and subsequently for
formation of the embryonic axis. The first apparent morpholo-
gical indicator of AP polarity is the thickening of the distal
visceral endoderm (DVE) at E5.5 (Rivera-Perez et al., 2003;
Takaoka et al., 2006; Yamamoto et al., 2004). By E5.75, the
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position within the DVE to the AVE—the future anterior side of
the embryo. This morphological shift is preceded by the
anteriorly asymmetric expression of Lefty1 and Cerl which are
required for the directed anterior shift of the VET (Perea-Gomez
et al., 2002; Takaoka et al., 2006; Yamamoto et al., 2004).
Interestingly, asymmetric expression of Wnt3 in the posterior
visceral endoderm also precedes the morphological shift of the
VET from the DVE to the AVE (Rivera-Perez and Magnuson,
2005); however, Wnt3 mutants exhibit no defects in the
proximal migration of DVE cells (this work; Liu et al., 1999).
Thus, Wnt3 does not play any apparent role in regulating this
process (see below).
Despite normal AVE morphogenesis, AP axis formation is
defective inWnt3mutants. As shown previously by others, both
morphological and molecular indicators of the AP axis initially
align themselves with the short axis of the elliptical egg cylinder
(Fig. 5; Perea-Gomez et al., 2004; Mesnard et al., 2004). Prior to
the onset of gastrulation (∼E6.0), there is a conformationalFig. 5. Schematic model of the conformational change defect in Wnt3 mutants (see al
egg cylinders (above) and their respective transverse sections (below) from E6.0 to E6
the red pre-streak) axis is aligned with the short axis of the oval shaped embryonic
ensues that aligns the AP axis with long axis of the egg cylinder. (B) Schematic re
resemble wild-type embryos in that the AP axis is aligned with the short axis of the egg
and the AP axis remains aligned with the short axis.change in the egg cylinder such that the indicators of the AP axis
align with the long axis of the egg cylinder (Fig. 5; Perea-Gomez
et al., 2004 see also Mesnard et al., 2004). In contrast, our data
indicate that the AP axis remains aligned with the short axis of
the egg cylinder in Wnt3 mutants suggesting that Wnt3
expression in the epiblast is required for this conformational
change. Wnt3 expression is restricted to the posterior epiblast
and is initially aligned with the short axis of the egg cylinder
(Rivera-Perez and Magnuson, 2005). Thus, Wnt3 expression
precedes the conformational change consistent with a potential
role in regulating the process. However, the mechanisms
underlying this rearrangement are not understood (Perea-
Gomez et al., 2004; Mesnard et al., 2004). Therefore, the exact
role ofWnt3 in regulating this process remains to be determined.
One possible mechanism is that growth of the epiblast within the
confines of the visceral endoderm, may alter epiblast shape
(Tam, 2004). Interestingly, cellular proliferation is significantly
reduced in Wnt3n/n epiblasts at E6.5 consistent with this model
(WDH and MRC, unpublished observations). Anotherso Mesnard et al., 2004). (A) Schematic representations of wild-type embryonic
.5. At E6.0 the anterior (demarcated by the green AVE)/posterior (represented by
axis. Through the direct or indirect activities of Wnt3, a conformational change
presentation of Wnt3 mutant embryos from E6.0 to E6.5. E6.0 embryos likely
cylinder. Due to the absence ofWnt3, the conformational change does not occur
319J.R. Barrow et al. / Developmental Biology 312 (2007) 312–320intriguing possibility is that the conformational change may be
due to changes in cell shape and behavior regulated by theWnt/
planar cell polarity (PCP) pathway. Wnt5a and Wnt11, which
have been hypothesized to regulate PCP in vertebrates (reviewed
in Barrow, 2006), are both expressed in early streak embryos
(Kispert et al., 1996; Takada et al., 1994). AsWnt3 lies upstream
of almost all early streak markers, it may directly or indirectly
regulate the expression of these two ligands and their potential
PCP activities. Examining expression of anterior and posterior
markers in Wnt5a−/− or Wnt5a/Wnt11 double mutant embryos
and determining the alignment of these markers relative to the
long and short axes of the egg cylinders may shed light on this
issue.
In addition to Wnt3n/n mutants, embryos lacking Mesd,
appear to exhibit a similar failure to reorient their AP axis to the
long axis of the egg cylinder (Hsieh et al., 2003). Interestingly,
the Mesd gene product is a chaperone protein required for
proper processing of the Wnt co-receptor proteins, LRP5 and
LRP6 (Hsieh et al., 2003), providing further evidence that Wnt/
β-catenin signaling lies upstream of AP axis realignment.
Embryonic vs. Extraembryonic Wnt3 in gastrulation
In Xenopus, stabilization of β-catenin within the dorsal
endodermal region of the amphibian embryo, the Nieuwkoop
center, is essential for inducing Spemann's organizer, the site
where gastrulation initiates (Moon and Kimelman, 1998). The
observation that mesoderm induction in the mouse epiblast may
be dependent on signals from the visceral endoderm (Belaouss-
off et al., 1998) has aroused speculation that the PVE may be a
Nieuwkoop center equivalent in the mouse and that an
extraembryonic Wnt signal may also initiate mesoderm
induction (Beddington and Robertson, 1999). The finding that
Wnt3 is expressed in the PVE adjacent to the region in the
epiblast where the mesoderm will be induced in the embryo, and
that Wnt3 null mutants lack mesoderm, gave strong credence to
this hypothesis (Rivera-Perez and Magnuson, 2005; Liu et al.,
1999). However, our finding that wild-type ES cells completely
rescue Wnt3n/n mutant embryos demonstrate that visceral
endodermal Wnt3 plays no essential role in the induction of
mesoderm. Furthermore,Wnt3n/c;Sox2Cremutants in which the
initial expression of Wnt3 in the PVE is predicted to occur, lack
all mesodermal derivatives. Taken together, these results
demonstrate that Wnt3 activity in the PVE is neither necessary
nor sufficient to induce mesoderm. What then is the source of
the mesoderm inducing signal? Recent work by Ben-Haim et al.
(2006) has shown that Wnt3 expression is dependent on Bmp4
signals from the extraembryonic ectoderm. Hence, the source of
the mesoderm induction signal does not appear to reside in the
PVE but rather in the ExE (via Nodal in the epiblast).
The question remains as to whether Wnt3 plays any
developmental role in the PVE. It is possible that functional
redundancy of Wnt3 with other Wnts expressed in the PVE
might preclude the elucidation of its role in this tissue.
Interestingly, Kemp et al. (2005) have shown that Wnt2b is
also expressed in the PVE at E6.5. Thus,Wnt2bmay compensate
for the absence of Wnt3 in the PVE of WT↔Wnt3n/n chimeras.If Wnt signaling from this tissue does not likely induce
mesoderm in the adjacent epiblast, what role does it play?
Evidence indicates that secreted Wnt factors act as repulsive
guidance cues for DVE cells, directing them away from the
source of the Wnt signal (Kimura-Yoshida et al., 2005).
Conversely, anterior localized Wnt antagonists act as attractive
cues to this cell population. Therefore, Wnts in the PVE may
play a role in ensuring that DVE cells migrate to the opposite
(anterior) pole. Intriguingly, we observed one example of a
Wnt3n/n mutant (Fig. 3R) that exhibited a widened Cerl
expression domain in the AVE relative to that of a similarly
staged wild-type (Fig. 3N) and Wnt3n/c;Sox2Cre mutant
(Fig. 3P) (which both would presumably have had early,
transient expression of Wnt3 in the PVE). However, analysis of
other Wnt3n/n mutants stained for either Cerl or Lim1 failed to
show a consistent expansion of their AVE expression domains
(data not shown). Again, possible compensation by Wnt2b (or
other Wnts) may influence the penetrance of this defect in a
Wnt3 mutant background.
In summary, our studies highlight the importance of Wnt3
signaling in the establishment and orientation of the AP axis of
the mouse embryo and the subsequent initiation of gastrulation
in the epiblast. Future experimental strategies will need to take
into account distinct cellular processes that influence the
induction of the primitive streak or regulate the conformational
changes in the epiblast that underlie axial positioning.
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